Salvianolic acid A (SAA) is a minor phenolic carboxylic acid extracted from Salviae miltiorrhizae Bunge (Danshen). SAA exhibits a variety of pharmacological activities, such as antioxidative, anti-thrombotic, neuroprotective, and anti-fibrotic effects, as well as protection from myocardial ischemia and prevention of diabetes and other diseases. Furthermore, SAA has shown renal-protective effects in doxorubicin-induced nephropathy. However, there has been limited research regarding the effects of SAA and underlying mechanisms in chronic kidney disease (CKD). Here, we examined the effects and molecular mechanisms of SAA in an established animal model of 5/6 nephrectomized (5/6Nx) rats. The rats were injected with SAA (2.5, 5, and 10 mg/kg per day, intraperitoneally (ip)) for 28 days. SAA dose-dependently lowered the levels of urine protein, blood urea nitrogen, serum creatinine, plasma total cholesterol, and plasma triglycerides in 5/6Nx rats. Histological examination revealed that SAA dose-dependently attenuated renal pathological lesions, evidenced by reduced renal tubulointerstitial fibrosis by decreasing the expression levels of tumor growth factor-β1 and α-smooth muscle actin in 5/6Nx rats. Moreover, SAA dose-dependently inhibited the activation of nuclear factor-κB (NF-κB) and p38 mitogen-activated protein kinase (MAPK) signaling pathways, subsequently attenuating the secretion of tumor necrosis factor-α and interleukin-1β and inhibiting the expression of monocyte chemotactic protein-1, intercellular adhesion molecule-1, and vascular cell adhesion molecule-1 in kidneys of 5/6Nx rats. The above results were consistent with those obtained in lipopolysaccharide-induced HK-2 cells in vitro (a recognized in vitro inflammatory model). In conclusion, our results demonstrated that SAA effectively attenuates kidney injury in 5/6Nx rats. The therapeutic effects of SAA on kidney injury can be attributed to its anti-inflammatory activities through inhibition of the activation of the NF-κB and p38 MAPK signaling pathways.
INTRODUCTION
Chronic kidney disease (CKD) is an increasing public health concern that harms the health and life of many individuals [1] [2] [3] . In a 2010 Global Burden of Disease study, CKD rose from the 27th greatest cause of the total number of global deaths in 1990 (agestandardized annual death rate of 15.7 per 100,000) to the alarming rank of 18th (with an annual death rate of 16.3 per 100,000 [4] ). According to a systematic analysis of the 2015 Global Burden of Disease Study, the mortality and disability-adjusted lifeyears burden of CKD increased due to low glomerular filtration rates from 2005 to 2015 [5] . Two important features of CKD, inflammation and oxidative stress, can drive the progression of CKD and lead to cardiovascular and other body system complications [6, 7] . Moreover, another key feature of CKD is renal fibrosis, which is the final pathological stage of all progressive renal diseases [8, 9] . As a model of CKD, 5/6 nephrectomized (5/6Nx) rats have been frequently used as to study the progression of CKD [10] [11] [12] . Lipopolysaccharide (LPS), a bacterial endotoxin, can trigger inflammatory responses by increasing the synthesis and release of pro-inflammatory cytokines [13] . HK-2 cells stimulated in vitro with LPS have been used to characterize the antiinflammatory effects of various compounds in the kidney [14, 15] .
Nuclear factor-κB (NF-κB), a transcription factor that is widely expressed in a variety of cells and tissues, can quickly respond to various inflammatory stimuli. NF-κB can be regulated by the activation of IκB kinase and mitogen-activated protein (MAP) kinase pathways [16] . IκB kinase-β (IKKβ) can phosphorylate the IκB protein following proteasomal degradation, allowing NF-κB to translocate into the nucleus and initiate pro-inflammatory gene transcription [17] . Several pro-inflammatory cytokines and chemokines, including adhesion molecules such as tumor necrosis factor-α (TNF-α) and monocyte chemotactic protein-1 (MCP-1, CCL2), intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1) are associated with the regulation of most inflammatory processes, which are collectively regulated by NF-κB [18, 19] . Previous studies have shown that NF-κB is activated in human renal disease and various experimental models of renal inflammatory disease [13, 20, 21] .
It has been reported that the activation of p38 mitogenactivated protein kinase (MAPK), a member of the family of MAPKs, plays a key role in kidney inflammation [22, 23] . The activation of p38 MAPK can promote the production of proinflammatory cytokines and regulate cellular apoptosis during renal injury. Furthermore, the activation of p38 MAPK in glomerular cells has been correlated with segmental proliferative necrotic lesions and the degree of interstitial inflammation [22, 24] .
Salvianolic acid A (SAA) is a minor phenolic carboxylic acid extracted from Salviae miltiorrhizae Bunge (Danshen). As one of the major active components of this plant, SAA exhibits multiple pharmacological activities, such as antioxidative, anti-thrombotic, neuroprotective, and anti-fibrotic effects, as well as protection from myocardial ischemia and prevention of diabetes and other diseases [25] . Furthermore, SAA has been reported to attenuate inflammation through inhibition of the activation of NF-κB in cells [26] . It has been reported that SAA shows beneficial renalprotective effects in doxorubicin-induced nephropathy through its pharmacological activities, including anti-inflammatory and antioxidative effects and ameliorating effects for podocyte injury, among other beneficial properties [27] .
However, to date there has been limited research regarding the effects and molecular mechanisms of action of SAA in CKD. Here, we evaluated the effects and molecular mechanisms of SAA in an established animal model of 5/6Nx rats and further confirmed these in vivo results in LPS-treated HK-2 cells in vitro.
MATERIALS AND METHODS
Materials SAA (purity ≧98% by high-performance liquid chromatography) was provided by the laboratory of Jin-hui Wang (Shenyang Pharmaceutical University). The antibodies used in this study included anti-p-IKKα/β (#2697, CST), anti-IKKβ (#8943, CST), anti-p-NF-κB p65 (#3033, CST), anti-NF-κB p65 (#8242, CST), anti-p-IκBα (#2859, CST), anti-IκBα (#4814, CST), anti-p-p38 MAPK (#4511, CST), anti-p38 MAPK (#8690, CST), anti-α-SMA (ab5694, Abcam), anti-MCP-1 (ab7202, Abcam), anti-tumor growth factor-β1 (TGF-β1) (BA0290, Boster), anti-ICAM-1 (#60299-1-lg, Proteintech), anti-VCAM-1 (#11444-1-AP, Proteintech), and rhodamine (tetramethylrhodamine (TRITC))-conjugated goat anti-rabbit IgG (H + L) (SA00007-2, Proteintech). Anti-rabbit and anti-mouse secondary antibodies were also purchased from CST.
In vivo experiments Animals and experimental design. Adult male Sprague-Dawley (SD) rats (body weight 200-250 g) purchased from the Center for Experimental Animals of Shenyang Pharmaceutical University were used in the present study. Rats were housed in an environmentally controlled room under a 12 h light-dark cycle and given standard rodent chow and tap water ad libitum. Rats were acclimated to handling before randomization and then divided into five groups: Group 1 was the 5/6Nx group (n = 10), in which the upper and lower poles of the left kidney were removed in addition to the whole right kidney; Groups 2-4 were the SAAtreated 5/6Nx groups, injected with 2.5, 5, and 10 mg/kg SAA (5/ 6Nx + SAA (2.5, 5, and 10 mg/kg), respectively, intraperitoneally (ip); n = 10); and Group 5 served as the control group (n = 10) and were subjected to a sham operation. Surgery was performed under chloral hydrate solution anesthesia (350 mg/kg, ip). All animal experiments were conducted per the National Institutes of Health Guide for the Care and Use of Laboratory Animals, as well as the policies of our university authority.
Functional studies. After 28 days of treatment, 24 h urine samples were collected from the rats using metabolic cages for the measurement of urinary protein levels. Then, blood samples were collected from orbital venous plexi. Urinary protein, blood urea nitrogen (BUN), serum creatinine (SCr), plasma triglycerides (TGs), and plasma total cholesterol (TC) levels were measured using commercial kits (Jiancheng Bioengineering Institute, Nanjing, China).
Histological examination. All rats were sacrificed with intraperitoneal injection of chloral hydrate (350 mg/kg), and the kidney tissues were rapidly removed (with kidney tissue isolated from adipose tissue). Renal tissues were fixed in 10% formalin, dehydrated with ethanol, rendered transparent with xylene, embedded in liquid paraffin, and sliced with an automatic slicing machine. Sections (4 µm thick) were stained with hematoxylin and eosin and Masson's trichrome. The blue area in the tubulointerstitium was selected as the positive area in sections stained with Masson's trichrome. The severity of tubulointerstitial fibrosis was graded as follows: (1) <10% fibrosis; (2) 10%-25% fibrosis; (3) 25%-50% fibrosis; (4) 50%-75% fibrosis; and (5) more than 75% fibrosis [28] . The tubulointerstitial fibrosis indexes (scores) of 10 random fields in each group were counted.
Immunohistochemical analysis. For immunohistochemical staining, the sections were incubated with primary antibodies against MCP-1, TGF-β1, or α-SMA (1:200) overnight at 4°C. After washing three times with phosphate-buffered saline (PBS), sections were incubated with a secondary antibody for 30 min at 37°C. The slides were washed with PBS three times, and diaminobenzidine substrate was then used to reveal positive staining and hematoxylin was used to counterstain nuclei. The positive area (brown area in the tubulointerstitium (TGFβ1, αSMA) or view (MCP-1)) in 10 random fields in each group of immunohistochemical sections was quantified using Image-Pro-Plus software as the integral optical density of TGFβ1, αSMA, and MCP-1.
Pro-inflammatory cytokine assays. The levels of plasma and renal TNF-α and IL-1β in 5/6Nx rats were measured using commercially available ELISA kits (Boster Biological Technology Co Ltd, Wuhan, China) according to the manufacturer's instructions. Renal tissue was homogenized in 10 mmol/L Tris-HCl-buffered solution (pH 7.4, 1 mmol/L EDTA, 2 mol/L NaCl, 0.01% Tween-80, 1 mmol/L phenylmethylsulfonyl fluoride), and then centrifuged at 12,000 × g for 15 min at 4°C [29] . The supernatant was subsequently used for cytosine assays.
Protein extraction and Western blot analysis. Kidney tissues were lysed in RIPA lysis buffer and homogenized on ice, followed by centrifugation at 12,000 × g for 15 min at 4°C. The protein concentration was measured using a BCA Protein Assay Kit (Beyotime Institute of Biotechnology, Shanghai, China). Protein samples were loaded onto 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) gels for separation, electro-transferred onto polyvinylidene difluoride (PVDF) membranes, and then blocked with 5% skim milk in Tris-buffered saline for 2 h at room temperature. Membranes were incubated with primary antibodies (anti-p-IKKα/β, anti-IKKβ, anti-p-NF-κB p65, anti-NF-κB p65, anti-p-IκBα, anti-IκBα, anti-p-p38 MAPK, and antip38 MAPK, 1:1000; anti-ICAM-1 and VCAM-1, 1:500) overnight at 4°C
, and then incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibodies (diluted 1:5000). The membranes were visualized using enhanced chemiluminescence (ECL) agents and developed by autoluminography.
In vitro experiments
Cell culture. Renal proximal tubule epithelial cells (HK-2 cells) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). HK-2 cells were cultured in Dulbecco's modified Eagle's medium/F12 media supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37°C in a humidified incubator containing 5% CO 2 . These cells were treated with 5 µg/mL LPS in the presence or absence of SAA at the indicated concentrations for the indicated periods. SAA was dissolved in dimethyl sulfoxide (DMSO), and the final concentration of DMSO in media was <0.1% in all groups.
MTT assay for cell viability. Cell viability was measured using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assay. HK-2 cells were seeded in 96-well plates at 10 4 cells pe rwell. After 24 h incubation, cells were pretreated with or without various concentrations of SAA for 2 h, and then coincubated with or without LPS (5 µg/mL) for 24 h. Later, the supernatant was replaced with serum-free medium; 20 µL of MTT (5 mg/mL) was added to each well and incubated for another 4 h, followed by removal of the supernatant. One hundred microliters of DMSO was added to dissolve the formazan. The solution absorbance at λ = 490 nm was measured using a microplate reader.
Pro-inflammatory cytokine assays. HK-2 cells were seeded in 6-well plates at 2 × 10 5 cells per well. After 24 h incubation, cells were pretreated with or without various concentrations of SAA (e.g., 3, 10, and 30 μmol/L) for 2 h, and then co-incubated with or without LPS (5 µg/mL) for 24 h. The levels of TNF-α and IL-1β in cell culture supernatants were measured using commercially available ELISA kits according to the manufacturer's instructions.
Protein extraction and Western blot analysis. HK-2 cells were pretreated with or without various concentrations of SAA (3, 10, and 30 μmol/L) for 2 h following co-incubation with or without LPS (5 µg/mL) for various times (see Results section), before harvesting the cells. Next, the cells were lysed in RIPA lysis buffer and homogenized on ice, followed by centrifugation at 12,000 × g for 15 min at 4°C. The protein concentration was measured using a BCA Protein Assay Kit (Beyotime Institute of Biotechnology, Shanghai, China). Protein samples were loaded onto 10% SDS-PAGE gels for separation, electro-transferred onto PVDF membranes, and then blocked with 5% skim milk in Tris-buffered saline for 2 h at room temperature. Membranes were incubated with primary antibodies (anti-p-IKKα/β, anti-IKKβ, anti-p-NF-κB p65, anti-NF-κB p65, anti-p-IκBα, anti-IκBα, anti-p-p38 MAPK, anti-p38 MAPK, 1:1000; anti-ICAM-1 and VCAM-1, 1:500) overnight at 4°C, and then incubated with horseradish peroxidase-conjugated antirabbit or anti-mouse secondary antibodies. The membranes were visualized using ECL agents and developed by autoluminography.
Immunofluorescent staining. HK-2 cells were plated on chamber slides in 24-well plates at 1 × 10 4 cells per well. After 24 h incubation, cells were pretreated with or without SAA (30 μmol/L) for 2 h, and then co-incubated with or without LPS (5 µg/mL) for 1.5 h. Cells were fixed with 4% paraformaldehyde for 30 min and then incubated with 0.3% Triton X-100 for 30 min. Then, cells were blocked with 5% normal goat serum for 60 min. The cells were incubated with a primary anti-NF-κB p65 antibody (1:100) overnight at 4°C, followed by incubation with a rhodamine (TRITC)-conjugated goat anti-rabbit IgG (H + L) antibody for 2 h at room temperature in the dark. The cell nuclei were stained with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (Beyotime Institute of Biotechnology, Shanghai, China), and the NF-κB p65 subunit was observed with a fluorescence microscope (Nikon, Japan).
Statistical analysis All data are expressed as the means ± SD and analyzed by oneway analysis of variance (ANOVA) (SPSS version 17.0 software; SPSS Inc., Chicago, IL, USA). Quantitative data were tested for homogeneity of variance. If the variances were homogeneous, analysis of variance (ANOVA) was performed followed by the post hoc least significant difference test for multiple comparisons. If the variances were not homogeneous, a one-way ANOVA followed by the post hoc Dunnett's T3 test was used for multiple comparisons. A Pvalue of <0.05 was considered significant.
RESULTS

Biochemical parameters in experimental animals
All rats were subjected to 5/6 nephrectomy to establish the 5/6Nx rat model. The levels of urine protein, BUN, SCr, plasma TC, and plasma TGs were tested in the 5/6Nx rats. The results showed that the levels of urine protein, BUN, SCr, plasma TC, and plasma TGs were significantly increased compared to the control group, which suggests that CKD was successfully established in our rat model. Treatment with SAA resulted in dose-dependent reductions in the levels of urine protein, BUN, SCr, plasma TC and plasma TGs (Table 1 ) compared to the untreated 5/6Nx group, suggesting that SAA plays an important role in this model. SAA treatment improves renal pathological lesions and tubulointerstitial fibrosis, and reduces the levels of chemokines and pro-inflammatory cytokines in 5/6Nx rats Histopathological changes in the renal sections of treated and untreated 5/6Nx rats were examined to evaluate the effects of SAA on renal injury. Renal histology samples were normal in the control group in contrast to the kidneys of the 5/6Nx rats, which exhibited histopathological changes in the renal tissues characterized by dilation of the renal capsule cavity and tubular dilatation (Fig. 1a) . However, treatment with SAA resulted in remarkable improvement of the pathological lesions in a dosedependent manner (Fig. 1a) .
Fibrosis of the tubulointerstitial area was examined by Masson's trichrome staining (Fig. 1a) . Renal histology was normal in all rats in the control group. However, 5/6Nx rats showed a significant increase in renal tubulointerstial fibrosis (blue areas) compared to rats in the control group (Fig. 1a, b) . Treatment with SAA resulted in a significant attenuation of renal tubulointerstial fibrosis compared to rats of the 5/6Nx group, in a dose-dependent manner (Fig. 1a, b) . Two key proteins were detected in the Data are expressed as the means ± SD (n = 6, all samples were randomly selected from a pool of 10 rats, and then these samples were analyzed). **P < 0.01 vs. control group; # P < 0.05, ## P < 0.01 vs. 5/6Nx group BUN blood urea nitrogen, SCr serum creatinine, TG triglyceride, TC total cholesterol, SAA salvianolic acid A, 5/6Nx 5/6 nephrectomized SAA attenuates kidney injury and inflammation HF Zhang et al. Fig. 1 The effects of SAA on histopathological changes, tubulointerstitial fibrosis, and the levels of chemokines and pro-inflammatory cytokines in 5/6Nx rats. Renal histopathological changes and tubulointerstitial fibrosis were examined by hematoxylin and eosin (H&E) staining and Masson's trichrome staining in renal sections (magnification: ×400). The black arrow indicates dilation of the renal capsule cavity; the red arrow indicates tubular dilation by H&E staining. The blue area in the tubulointerstitium was selected as a positive area by Masson's trichrome staining. The expression of TGF-β1, α-SMA, and MCP-1 was visualized in renal sections using immunohistochemistry (magnification: ×400). The brown area in the tubulointerstitium was selected as a positive area of TGF-β1 and α-SMA staining; the brown area in the section was selected as a positive area of MCP-1 staining in immunohistochemistry analysis. The levels of the plasma and renal pro-inflammatory cytokines TNF-α and IL-1β in each group were measured by ELISA. a Renal sections with H&E staining, Masson's trichrome staining, or immunohistochemical staining; b semiquantitative measurements of tubulointerstitial areas; integral optical density (IOD) of c TGF-β1; d α-SMA; and e MCP-1; f plasma levels of TNF-α; g plasma levels of IL-1β; h levels of renal TNF-α; and i levels of renal IL-1β. Data are expressed as the means ± SD (n = 10). **P < 0.01 vs. control group; # P < 0.05, ## P < 0.01 vs. 5/6Nx group SAA attenuates kidney injury and inflammation HF Zhang et al.
progression of renal fibrosis, TGF-β1 and α-SMA, using immunohistochemistry. There was only very weak staining of TGF-β1 and α-SMA in renal tubulointerstitial sections in control rats, which indicates an inferior role of the expression of TGF-β1 and α-SMA in normal kidney function (Fig. 1a) . However, the levels of both of these proteins were significantly increased in 5/6Nx rats. Administration of SAA significantly decreased the expression of TGF-β1 and α-SMA in renal tubulointerstitial sections in 5/6Nx rats in a dose-dependent manner (Fig. 1a, c, d ).
The levels of MCP-1, which plays a key role in other renal inflammatory diseases [19] , were detected in renal sections of 5/ 6Nx rats by immunohistochemistry staining and were significantly elevated compared to the relatively low expression of MCP-1 in sections from controls rats. Treatment with SAA significantly attenuated the expression of MCP-1 in a dose-dependent manner (Fig. 1a, e) . To investigate other pro-inflammatory cytokines in 5/6Nx rats, we measured TNF-α and IL-1β levels in plasma and renal tissues by enzyme-linked immunosorbent assay (ELISA), which were significantly increased in 5/6Nx rats compared to the control group. Administration of SAA significantly reduced the plasma and renal levels of TNF-α and IL-1β in 5/6Nx rats in a dosedependent manner (Fig. 1f-i) .
SAA inhibits activation of the NF-κB and p38 MAPK signaling pathways in 5/6Nx rats Several studies have suggested that the NF-κB and p38 MAPK signaling pathways are closely associated with kidney inflammation [13, [20] [21] [22] [23] . Thus, levels of major proteins of the NF-κB and p38 MAPK signaling pathways were measured during CKD. The protein levels of p-IKKα/β, p-IκBα, p-NF-κB p65, and p-p38 MAPK in Fig. 2 The effects of SAA on the NF-κB and p38 MAPK signaling pathways in 5/6Nx rats. a The protein expression levels of p-IKKα/β, IKKβ, p-IκBα, and IκBα proteins were analyzed by Western blot; b p-IKKα/β protein expression relative to IKKβ protein levels; c p-IκBα protein expression relative to IκBα protein levels; d the protein expression levels of p-NF-κB p65, NF-κB p65, p-p38 MAPK, and p38 MAPK proteins were analyzed by Western blot; e p-NF-κB p65 protein expression relative to NF-κB p65 protein levels; f p-p38 MAPK protein expression relative to p38 MAPK protein levels; g the protein expression levels of ICAM-1 and VCAM-1 proteins were analyzed by Western blot; h ICAM-1 protein expression relative to β-actin protein expression; i VCAM-1 protein expression relative to β-actin protein expression. Data are expressed as the means ± SD (n = 6, all samples were randomly selected from a pool of 10 rats, and then these samples were analyzed). *P < 0.05, **P < 0.01 vs. control group; # P < 0.05, ## P < 0.01 vs. 5/6Nx group SAA attenuates kidney injury and inflammation HF Zhang et al. 5 /6Nx rats were significantly increased compared to control rats, whereas the expression levels of the IκBα protein were decreased, which suggests that the NF-κB and p38 MAPK signaling pathways were activated during renal inflammation. Treatment with SAA significantly attenuated the expression of p-IKKα/β, p-IκBα, p-NF-κB p65, and p-p38 MAPK proteins compared to the 5/6Nx group and increased the expression of the IκBα protein in a dosedependent manner, which suggests that SAA inhibits activation of the NF-κB and p38 MAPK signaling pathways (Fig. 2) .
ICAM-1 and VCAM-1 have been implicated in most inflammatory processes, and both of these proteins are regulated by NF-κB. Both protein levels were significantly increased in 5/6Nx rats compared to the control rat group. Treatment with SAA significantly decreased the expression levels of the ICAM-1 and VCAM-1 proteins compared to levels in the 5/6Nx group at different concentrations of the compound (Fig. 2g-i ).
SAA improves cell viability and attenuates the secretion of proinflammatory cytokines in LPS-induced HK-2 cells To further confirm the effects of SAA that we observed in vivo, we next determined the effects of SAA in an in vitro model of kidney inflammation (LPS-induced HK-2 cells). SAA did not inhibit the viability of HK-2 cells up to a concentration of 30 μmol/L. At a concentration of 100 μmol/L, SAA was cytotoxic to HK-2 cells (Fig. 3a) . Therefore, we chose a concentration of 30 μmol/L SAA for our in vitro model. Even though LPS showed marked cytotoxicity to cells, treatment with SAA significantly enhanced the cell viability in LPS-induced HK-2 cells (Fig. 3b) .
The secretion of pro-inflammatory cytokines in LPS-induced HK-2 cells was also examined. The levels of TNF-α and IL-1β in cell culture supernatants stimulated with LPS (5 μg/mL) significantly increased compared to the untreated control group, which indicates that the model of inflammation was successfully established in vitro.
Administration of SAA significantly attenuated the secretion of TNF-α and IL-1β in LPS-induced HK-2 cells in a concentrationdependent manner (Fig. 3c, d ).
SAA inhibits activation of the NF-κB and p38 MAPK signaling pathways in LPS-induced HK-2 cells Major proteins of the NF-κB and p38 MAPK signaling pathways were also analyzed in LPS-induced HK-2 cells. Cells were first stimulated with LPS for 1.5 h, and the results showed that p-IKKα/ β, p-IκBα, p-NF-κB p65, and p-p38 MAPK protein levels in LPSstimulated HK-2 cells were significantly increased compared to LPS-untreated control cells, while the protein expression of IκBα was decreased after LPS treatment. This suggests that NF-κB and p38 MAPK signaling pathways are activated. Treatment with SAA significantly decreased the expression of p-IKKα/β, p-IκBα, p-NF-κB p65, and p-p38 MAPK proteins compared to HK-2 cells stimulated with LPS, and increased the expression of the IκBα protein to varying degrees depending on the concentration of SAA (Fig. 4) . NF-κB p65 was mainly localized in the cytosol of HK-2 cells in the control group, while stimulation with LPS remarkably promoted NF-κB p65 translocation into the nucleus. Treatment with SAA dramatically lowered the overall translocation of NF-κB p65 into the nuclei (Fig. 4f) .
Similarly, the expression levels of ICAM-1 and VCAM-1 proteins in LPS-induced HK-2 cells were measured. ICAM-1 and VCAM-1 protein levels in the LPS group were significantly increased compared to the control group. Treatment with SAA significantly decreased the expression of ICAM-1 and VCAM-1 proteins compared to the LPS-treated control group in a concentrationdependent manner ( Fig. 4g-i) . These results are collectively consistent with the results obtained using the in vivo 5/6Nx rat model.
DISCUSSION
In this study, we used the 5/6 nephrectomy method to generate an experimental model of CKD, which was characterized by high levels of proteinuria and BUN and SCr (three important parameters of renal function) [30, 31] in association with increased oxidative stress and inflammation [6] . Moreover, the concentration of plasma TGs and TCs are commonly elevated in experimental animal models of chronic renal failure [32] . The 5/6 nephrectomy model shows similar pathological changes as those observed in patients with CKD, such as the accumulation of extracellular matrix in glomeruli and in the renal interstitium [33] . Thus, this model is frequently used in the field to study the influence of pharmacological and additional factors on morphological and functional changes in the kidney [34] . As a water-soluble component of Danshen, which is used regularly in traditional Chinese medicine, SAA exhibits multiple pharmacological activities in vitro and in vivo and has renoprotective effects [26, 27] . Moreover, SAA can effectively improve microcirculation and ameliorate blood stasis [35] . In the present study, our results show that SAA decreased the levels of urine protein, BUN, SCr, TC, and TG and improved renal pathology in 5/6Nx rats, suggesting that SAA might have a beneficial effect on kidney injury (Table 1 and Fig. 1 ).
In the development and progression of CKD, chronic inflammation and oxidative stress play a key role; these are closely associated with the activation of the NF-κB signaling pathway [36, 37] . As previously shown, chronic systemic inflammation and oxidative stress are key factors in the development of kidney disease [7] , and inhibiting inflammation may therefore be an effective strategy for treating renal diseases. SAA has been shown to exhibit strong anti-inflammatory activities [26] . In the current study, we investigated these effects in more depth and demonstrated that SAA inhibits inflammation by decreasing the activation of the NF-κB signaling pathway, and thereby affecting the expression of a series of downstream proteins (Fig. 5) . As our results show, SAA treatment significantly attenuated the protein expression levels of p-IKKα/β, p-IκBα, and p-NF-κB p65 and increased the protein expression of IκBα in 5/6Nx rats (Fig. 2) . The same results were observed with HK-2 cells stimulated with LPS (Fig. 4) . NF-κB is a pivotal transcription factor that controls the expression of many inflammatory genes, including TNF-α, IL-1β, MCP-1, ICAM-1, and VCAM-1, which all play a pivotal role in the pathogenesis of CKD [19, 36] . Previous studies have shown that circulating and renal levels of pro-inflammatory cytokines and markers such as TNF-α and IL-1β were elevated in CKD, and this is significantly associated with a higher risk of mortality [38] [39] [40] [41] . TNF-α can activate the NF-κB signaling pathway, which in turn can increase the expression of many other inflammatory cytokines and subsequently exacerbate the inflammatory response in CKD [42, 43] . TNF-α, IL-1β, and MCP-1 are secreted and trigger an increased inflammatory response. Our results suggest that SAA lowers the expression levels of plasma and renal TNF-α and IL-1β and renal MCP-1 in 5/6Nx rats (Fig. 1) , and the same results were confirmed in LPS-induced HK-2 cells in vitro (Fig. 3) . ICAM-1 and VCAM-1 are two adhesion molecules that promote leukocyte adherence to the endothelium of blood vessels to allow leukocytes to migrate into tissues at sites of injury, where they initiate inflammatory responses as part of the immune response [44, 45] . In this study, we have demonstrated that SAA inhibits the expression of ICAM-1 and VCAM-1 in 5/6Nx rats (Fig. 2) , and these results were confirmed in LPS-induced HK-2 cells in vitro (Fig. 4) . Our results indicate that SAA reduces inflammation by inhibiting the activation of the NF-κB signaling pathway and subsequently lowering the expression of its downstream proteins.
We additionally examined the p38 MAPK signaling pathway upstream of NF-κB. The activation of MAPK signaling pathways can induce the apoptosis of renal proximal tubule epithelial cells and promote inflammation and renal injury [46] [47] [48] . Several traditional Chinese monomer medicines and their extracts (such as Emodin and Berberine) and several traditional Chinese medicine compounds, such as Yishen Huoxue decoction, can attenuate inflammatory reactions in renal tissues through regulation of the p38 MAPK signaling pathway, and thus reduce glomerular and renal interstitial inflammatory injury [49] . In the current study, we demonstrated that SAA could inhibit both the activation of the p38 MAPK signaling pathway in vivo and in vitro (Figs. 2 and 4) . Tubulointerstitial fibrosis is recognized as a common pathological feature of CKD and is characterized by excessive deposition of extracellular matrix [33, 50] . As a multifunctional cytokine, TGF-β1 exhibits multiple biological properties, including cell differentiation, proliferation, apoptosis, autophagy, and production of extracellular matrix, among others [51] . Studies have shown that TGF-β1 plays a key role in the progression of renal fibrosis [50] and has pro-inflammatory and profibrogenic effects in HK-2 cells [52] . Wang et al. [33] previously reported that the expression of TGF-β1 was increased in 5/6Nx rats. Moreover, in a unilateral ureteral occlusion model of mice, apelin significantly attenuates renal fibrosis through suppression of the expression of TGF-β1 and α-SMA and maintenance of the expression of E-cadherin and laminin [33] . In this study, SAA improved tubulointerstitial fibrosis and reduced the expression of TGF-β1 and α-SMA in 5/6Nx rats, which demonstrates that SAA possesses anti-fibrotic activity (Fig. 1) .
In conclusion, our results have demonstrated for the first time that SAA can partially protect against kidney injury in 5/6Nx rats. As shown in Fig. 5 , one of the key mechanisms underlying the therapeutic effects of SAA in kidney injury is primarily related to its anti-inflammatory functions. SAA attenuated the production of inflammatory cytokines, chemokines, and adhesion molecules by inhibiting the activation of the NF-κB and p38 MAPK signaling pathways in 5/6Nx rats and LPS-stimulated HK-2 cells. As a minor phenolic acid, the anti-oxidant properties of SAA may be another potential mechanism contributing to its beneficial role in kidney injury. The anti-oxidant and anti-fibrotic effects of SAA in CKD will be studied in future studies. In sum, the novel results in this study provide a pharmacological foundation for exciting future studies of SAA in the treatment of CKD.
